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Mr. Paul Takacs
Illinois Environmental Protection Agency
Division of Land Pollution Control
2200 Churchill Road
Springfield, Illinois 62794-9276

Re: Well Construction/Sampling Methods
Dense Non-Aqueous Phase Liquid Literature

Dear Mr. Takacs:

Enclosed is the information you requested at our recent meeting regarding the
referenced subject matter. We hope this material will be of benefit in your
review. We look forward to resolving remaining issues on Tuesday, December
10, 1991 during our conference call.

In the meantime, if you have any questions, please call.

Sincerely,

WARZYN INC.

Kevin J. Domack
Project Manager

KJD/kml/GEA
[mad-112-128]
15268.02

Enclosures: As Stated

cc: Mr. Michael J. Radcliffe, Harnischfeger Industries, Inc. (w/encl.)
Ms. Jennifer T. Nijman, Coffield, Ungaretti and Harris (w/encl.)
Mr. Paul R. Jagiello, Illinois Environmental Protection Agency (letter only)
Mr. Joseph J. Annunzio, Assistant Attorney General, State of Illinois (letter only)
Mr. Wayde Hartwick, United States Environmental Protection Agency (w/encl.)
Mr. Kurt Neibergall, Illinois Environmental Protection Agency (w/encl.)
Mr. Steve Williamson, Ebasco Environmental (w/encl.)
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INSTRUMENT OPERATING PROCEDURE

KECK SP-84
SUBMERSIBLE SAMPLING PUMP

Scope and Application;

The Keck SP-84 submersible sampling pump is used for purging and
sampling groundwater from wells with diameters of 2 inches or greater.

Reference:

SP-Series Instruction Manual

Apparatus:

1. Submersible pump
2. Power cable, sample tube, air line tube
3. Storage reel, control box, 12 V DC power line and source
4. 2-inch and 4-inch inflatable packers
5. Compressed air supply and fittings
6. Decontamination supplies ie; TSP, Liquinox, deionized water, etc.

Operation Procedure:

1. Connect the. 12 V DC power line to a 12 V DC source (vehicle or
portable battery) capable of sustaining 13 to 14 volts and 15 amps.

2. Place well sleeve with plastic roller on the top of the well casing.

3. Carefully lower the pump into the well. Allow the weight of the pump
to keep the power cable taut. The pump can become wedged sideways in
4 inch or larger diameter casings.

4. While lowering the pump, listen for contact with the water column.
Submerse the pump about 5 feet. Do not lower to the bottom of the
well. Sediment could be drawn in and clog the pump.

5. Turn the voltage/current meter switch to ON-AMPS (Figure 1).

6. Turn the pump control switch to FORWARD, observing the current level
on the liquid crystal display at the same time. STOP immediately if
the current exceeds 10.0 amps or if the display "blanks out".
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7. If the display reads less than io.0 amps continue to operate the pump
until the current stabilizes between 4 and 7 amps.

8. If the display reads greater than 10.0 amps, check to assure that the
top of the pump is submerged. Be prepared to "rock" the pump control
switch from FORWARD to REVERSE and back to FORWARD. Repeat if
necessary to rotate the pumping mechanism until it is lubricated with
water and the current stabilizes between 4 and 7 amps. If the pump
has sat idle for a length of time, the stator will need to be
lubricated by rocking (running forward, then backward, then forward,
etc.) the pump before a good flow rate is achieved.

9. In wells of unknown hydraulic conductivity it is good practice to use
a water level sensing device to monitor the water level to insure that
the pump is totally submerged when sampling. NEVER OPERATE THE PUMP
DRY. Operation of the unit without water to lubricate the moving
parts will cause damage and eventual malfunction of the pump.

10. ALWAYS monitor the current level while the pump is operating. A
sudden increase in the current Indirectly informs the operator that
conditions have changed. STOP immediately and consult notes section.

11. Calculate the flow rate by measuring the time it takes to fill a
container of known volume (ex. 5 gallon bucket). Once the flow rate
(gallons/minute) is established, the time required to purge the
necessary well volumes can be computed. Table 1 illustrates the
performance curve of the unit. (Containerize purge water if specified
in sampling plan.)

12. Upon completion of purging, fill the required sample containers as
specified in the sampling plan directly from the discharge tube.

13. After sample collection, turn the pump control switch to REVERSE and
evacuate the discharge tube by pumping the water remaining in the
discharge tube back down the well. Monitor the current level and the
water in the tubing as it returns to the well. When the current level
increases or the tube draws air, turn the control switch OFF. DO NOT
operate the unit in reverse any longer than necessary. Switch back to
forward and pump for 2 to 3 seconds to reseat the stator. ALWAYS
operate the pump in the FORWARD position for a few seconds after it
has been reversed to reposition the "floating" rotor within the
stator.

14. Withdraw the pump by carefully winding the power cable and discharge
tubing onto the storage reel. Scrub the power cable and sample tube
with a brush and cleaning solution as they are being brought out of
the well. The pump is now ready for decontamination.

Decontamination Principle:

Adequate decontamination of the pump will increase the operating
efficiency of the system and decrease any possible carryover of
contaminants between sampling points. An effective method for
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cleaning the pump head and discharge tubing is to pump a cleaning
solution through the pump. Reverse the pump to evacuate the tubing
and flush the intake area. Any procedure that utilizes a cleaning or .^
chemical solution must be followed by pumping clean distilled or *
deionized water through the system.

Decontamination Procedure:

1. Consult project sampling plan for specific decontamination
recommendations/requirements pertaining to cleaning or chemical
solutions.

2. Label two tall, clean decontamination containers, "WASH" and "RINSE",
respectively. Fill the WASH container with the required cleaning
solution (TSP, Liquinox or as specified in sampling plan) and the
RINSE container with deionized or distilled water.

3. Rinse or wipe any visible contamination off of the pump and immerse
Into the WASH solution. Turn the control switch to the FORWARD
position and allow the pump to operate for a few seconds. Raise the
pump out of the cleaning solution for a few seconds and reimmerse.
This creates an "air gap" between the cleaning solution and any
residual sample in the tubing. After the air gap has passed through
the tubing, position the discharge tube so that the cleaning solution
is returned to the WASH container. This procedure minimizes
contamination of the WASH solution. It is recommended that three
volumes of the cleaning solution be pumped through the system. This
is accomplished by creating additional air gaps as the previous one
passes out of the discharge tubing. ...s

4. Turn the control switch to OFF. Rinse the outside of the pump to
remove any cleaning solution. Immerse the pump in the RINSE container
and resume pumping, allowing the discharge to return to the WASH
container. Create an air gap and watch for the discontinuance of
flow. Allow the discharge to return to the WASH container for a few
seconds after one volume passes through the tubing to remove any
residual cleaning solution. Position the discharge tube so that the
rinse water is returned to the rinse container. Rinse with three
volumes as outlined above.

5. Pump out rinse by raising the pump out of the rinse container. Then
resubmerge the pump briefly so that the pump is stored wet.

6. Rinse the power cable and sample tube on the storage reel.

USE OF SP-84 PUMP WITH AN INFLATABLE PACKER

Inflatable Packer Principle:

It is important to obtain representative samples by adequately purging
monitoring wells. Standard procedure presently requires that 3 to 5
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times the volume of the water within the well should be removed prior
to sample collection. The time required to purge and sample varies
due to different volumes of water within each well. In addition, many
projects require that the purged water be collected and disposed of
properly. Both of these factors increase the time and cost of purging

.• . and sampling. . . . . . . • •.. ; • • •• •

The use of an inflatable packer can reduce the time and cost. The
packer is mounted immediately above the pump and creates a seal within
the monitoring well just above the top of the well screen. This
allows the pump to draw water from only the screened portion of the
well. Purge volumes are dependent on the length of the well screen
(usually 5 or 10 feet) and independent of the total height of the
column of water in the well.

Attaching the 2-Inch Inflatable Packer
To The SP-Series Pump

The "SP-84 Inflatable Packer" is designed to attach to the upper portion of
the basic sampling pump. To install the packer, follow these instructions:

1. Remove the three (3) screws that secure the "electrical/fluid terminal
cap."

2. Pull the "electrical/fluid terminal cap" away from the remainder of
the pump without rotating.

CAUTION: Care should be exercised to prevent damage to the glass-insulated
electrical terminal on top of the pump.

3. Discc~:ect the female electrical boot from the glass-insulated
electrical terminal by pulling the boot.

4. Remove the screw that secures the ground or negative wire lead.

5. Remove the fluid transfer tube.

NOTE; The lower portion of the "inflatable packer module" contains the same
items disconnected in Nos. 3, 4 and 5 above.

6. Lubricate the transfer tube with water to prevent damage to the
o-rings and push securely into the hole located within the lower
portion of the packer.

7. Attach the ground or negative wire lead with the screw.

8. Connect the female electrical boot to the glass-insulated electrical
terminal by pushing the boot over the pin.

9. Lubricate the lower end of the fluid transfer tube and the upper end
of the pump with water to prevent damage to the o-rings.
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10. Orient the "inflatable packer module" so that the transfer tube will
be in alignment with the hole located on the top of the pump.

11. Push the lower end of the "inflatable packer module" onto the top of \
the pump.

'12. . Replace the three (3) screws to secure the module.

13. To attach the "electrical/fluid terminal cap" to the top of the
packer, push the 1/8-inch air line onto the hose barb on the top of
the "inflatable packer module" and repeat steps 6 through 12.

14. Connect the 1/8-inch air line to the brass LEGRIS fitting by simply
inserting the tube.

NOTE: To remove the air line, push the collet (center) in and pull on the
tubing.

CAUTION; The "inflatable packer module" was NOT designed to support the
extended weight of the pump. When installing or removing the system,
support the unit by holding the solid pump body or the power cable to
prevent bending of the bypass tubes contained within the "inflatable
packer module". Always store the complete assembly in a container
that will provide full support of the system and prevent any lateral
force from bending or damaging the module.

Attaching The 4-Inch Inflatable Packer
To The SP-Series Pump >

y

1. Slide the 4-inch inflatable packer onto the bottom of the pump making
sure the end equipped with the air line fitting goes on first.

2. Using a hammer and a block of wood, gently tap the packer to the top
of the pump.

3. Tighten the 6 alien screws that secure the packer to the pump.

4. Connect the air line to the air line fitting.

NOTES:

1. The well sleeve cannot be used with the 4-inch packer.

2. If the 2-inch packer is attached to the pump when using the 4-inch
packer, tape the air fitting on the 2-inch packer shut to prevent
water from entering it.

Inflatable Packer Operation:

1. Insert sampling pump into the well following the procedures listed in
basic operation.
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2. Lower the pump to the bottom of the well screen.

3. Raise the puir.p the length of the well screen plus 1 foot (example:
5-foot well screen - raise the pump 6 feet). If the length of the
well screen is unknown assume a length of 10 feet.

4. Connect a compressed air source (SCBA or similar tank, approved air
compressor) to the Schraeder valve located on the storage reel.

5. Apply air pressure to the valve while watching the pressure gauge.
Normally pressures of 60 to 80 psi are sufficient. Gently tug on the
power cable to insure the packer has been adequately inflated. If the
pump can still be raised apply additional pressure and tug gently
again. Continue to monitor the pressure displaced on the pressure
gauge during purging and sampling. Any decrease in pressure indicates
a leak in the system.

6. Monitor the water level above the packer during pump operation by
placing an electric water level indicator down the well. This is done
to determine that the packer has adequately sealed the well and that
no water is being drawn into the pump from above the packer. Also
check the packer by monitoring the cable. If the cable becomes
tighter, the packer is sliding down the well and requires additional
air pressure in the packer.

7. After sample collection, release the applied pressure at the Shraeder
valve. Withdraw the pump as described in basic operation.

NOTES:

Check all wells for plumbness and diameter using a bailer of the same
outside diameter (1.75 inches) and slightly longer than the pump.
This procedure will prevent the lodging of the pump in kinked or
damaged wells.

Monitor the current level for increases in amperage and the turbidity
of discharge. This procedure may prevent sediment-locking of the
rotor within the stator requiring disassembly of the pump.

Care must be employed when using the pump in temperatures below
freezing. Normally the pump will not freeze during operation.
However, if the pump is not going to be operated for any length of
time, it should be placed in a warm environment.

The flat-head screws used to assemble the pump have a tendency to
loosen, allowing water to bypass the 0-rings and enter the unit. They
should be checked after every use.

Care must be employed when handling and transporting the unit to
prevent damaging the power cord and the sampling tube, especially
where they connect to the pump. Do not store in a position which
causes the sampling tube to bend. It wil l kink.
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PROPOSED MONITORING
WELL DESIGN
BELOIT CORPORATION
RI/FS

SAMPLE
COLLECTION

GROUND SURFACE

FROST LINE

WATER TABLE

SURFACE SEAL-
BENTONITE POWDER

ANNULAR SPACE SEAL
BENTONITE/CEMENT GROUT

PVC RISER TO SURFACE
SCH. 40 IF DEPTH < 90 FT.
SCH. 80 IF DEPTH > 90 FT.

THREADED FLUSH JOINT
SEALED WITH TEFLON TAPE

10 FT. STAINLESS
STEEL RISER

SAMPLE FLUID
TRANSFER TUBE

SEAL-FINE SILICA SAND OR
BENTONITE CHIPS OR PELLETS

PACKER

SAMPLING PUMP

FILTER PACK

STAINLESS STEEL SCREEN
10 FT. (WATER TABLE WELL)
5 FT. (INTERMEDIATE AND
DEEP WELLS)

END CAP



Environmental Protection nes^afcl". e.r.~ cr.; ime'j
Agency Development Raspcnsa

vvEPA Ground Water Issue

DENSE NONAQUEOUS PHASE LIQUIDS

Scott G. Hullng* and James W. Weaver"

Background

The Regional Superfund Ground Water Forum is a group of
EPA professionals representing EPA's Regional Superfund
Offices. oommrn«d to the identification and the resolution of
ground water issues impacting the remediation of Superfund
sites. The Forum is supported by and advises the Superfund
Technical Support Project. Dense nonaqueous phase liquids is
an issue identified by the Forum as a concern of Superfund
decfe'on-makert. For further information contact Scott G.
Huling (FTS:743-2313), Jim Weaver (FTS:743-2420). or
Randall R. Ross (FTS: 743-2355).

Introduction

Dense nonaqueous phase liquids (DNAPLs) are present at
numerous hazardous waste sites and are suspected to exist at
many more. Due to the numerous variables influencing DNAPL
transport and fate in the subsurface, and consequently, the
ensuing complexity, DNAPLs aro largely undetected a^d vet
are likely to be a aicnificanl limiting factor in she remediation.
This issue paper Is a literature evaluation focusing on DNAPLs
and provides an overview from a conceptual fate and transport
point of view of DNAPL phase distribution, monitoring, site
Characterization, remediation, and modeling.

A nonaqueous phase liquid (NAPL) is a term used to describe
the physical and chemical differences between a hydrocarbon
liquid and water which result in a physical interface between a
mixture of the two liquids. The interlace is a physical dividing
surface between the bulk phases of the two liquids, but
compounds found in the NAPL are not prevented from
solubilizing into the ground water. Immiscibility is typically
determined based on the visual observation of a physical
Interlace in a water- hydrocarbon mixture. There are numerous
methods, however, which are used to quantify the physical and
chemical properties of hydrocarbon liquids (31).

Nonaqueous phase liquids have typ'cally been divided into two
general categories, dense and light. These terms describe the
specific gravity, or the weight o< the nonaqueous phase liquid
relative to water. Correspondingly, the dense nonaqueous

phase liquids have a specific gravity greater than water, and
the light nonaqueous phase liquids (LNAPL) have a specific
gravity less than water.

Several of the most common compounds associated with
DNAPLs found at Superfund sites are included In Table 1.
These compounds are a partial list of a larger list identified by a
national screening of the most prevalent compounds found at
Superfund sites (65). The general chemical categories are
hatogenafed/non-halogenaied semi-volatile* and halogenated
volatiles. These compounds are typically found in the following
wastes and waste-producing processes: solvents, wood
preserving wastes (creosote, pentachlorophenot), coal tars,
and pesticides. The most frequently cited group of these
contaminants to date are the chlorinated solvents.

DNAPL Transport and Fate • Conceptual Approach

Fate and transport of DNAPLs In the subsurface will be
presented from a conceptual point of view. Figures have been
selected for various spill scenarios which illustrate the general
behavior of DNAPL in the subsurface. Following the
conceptual approach, detailed information will be presented
explaining the specific mechanisms, processes, and variables
which influence DNAPL fate and transport. This includes
DNAPL characteristics, subsurface media characteristics, and
saturation dependent parameters.

Unsaturated Zone

Figure 1 indicates the general scenario of a release of DNAPL
into the soil which subsequently migrates vertically under both

r.the.forces of gravity and soil capillarity. Soil capillarity Is a!so-..
responsible for the lateral migration of DNAPL A point is
reached at which the DNAPL no longer holds"together as a
continuous phase, but rather is present as Isolated residual
globules. The fraction of the hydrocarbon that is retained by
capillary forces in the porous media is referred to as residual

EnvironmentalEngineer." Research Hydrologitt, U.S.
Environmental Protection Agency, Robert S. Kerr Environmental
Research L»boratory. >*eto. Oklahoma.

Superfund Technology Support Center for
Ground Water

Robert S. Kerr Environmental
Research Laboratory
Ada, Oklahoma



Ttbto 1. Moat prevalent chemical compound* at U.S. Superfund Sltea (65) with a apeclfle gravity
greater than one.

Compound
Deniiiy Oynim)c[2] Kln«m*tle W»tw[4]

[1] Vliooiliy Ylteo»lly[3] 8olub.
'» Uw V«por[«]

Con»Uni[S]

Halogenated Semi-volatile*

1,4-Dichforobenzene
1,2-Dichlorebenzene
Arocbr 1242
Aroclor 1260
Aroclor 1254
Chbrdane
DleWrin
2,3,4,6-Tetrachlorophenol
Pentachtorophenol

Halcgenated Volatlles

Chlorobenzen*
1,2-Dichloropropane
1,1-Dlchloroethane
1,1-Dichloroethylene
1,2-Dichtoroethane
Trans-1 ,2-Dichloroethylene
Cfr-1 j2-Dchteroethyl«ne
1,1,1-Trichloroethane
Methytene Chloride
1,1,2-Trichloroeihane
Tfichlofoethylene
Chloroform
Carbon Tetrachtorida
1 ,1 ,2.2-Tetrachloroethane
Tetrachtoroethylene
Ethylene Dibromide

1.2475
1.3060
1.3850
1.4400
1.5380
1.6
1.7500
1.8390
1.9780

1.1060
1.1580
1.1750
1.2140
1.2530
1.2570
1.2480
1.3250
1.3250
1.4436
1.4620
1.4850
1.5947
1.6
1.6250
2.1720

12580
1.3020

1.1040

0.7560
0.8400
0.3770
0.3300
0.8400
0.4040
0.4670
0.8580
0.4300
0.1190
0.5700
0.5630
0.9650
1.7700
0.8900
1.6760

1.C08
0.997

O.E9

0.683
0.72
0.321
0.27
0.67
0.321
0.364
0.647
0.324
0.624
0.390
0379
C.605
1.10
0.54
0.79

8.0 E+01
1.0 E+02
4.5 E-01
2.7 E-03
1.2 E-02
5.6 E-02
1.86 E-01
1.0 E+03
1.4 E+01

4.9 E+02
2.7 E-i-03
5.5 E+03
4.0 E+02
8.69 E-t-03
6.3 E-t-03
3.5 E+03
9.5 E+02
1.32E+04
4.5 E+03
1.0 E+C3
8.22 E+03
8.0 E+02
2.9 E+03
1.5 E+02
3.4 E+03

1.58 E-03
1.88 E-03
3.4 E-04
3.4 E-04
2.8 E-04
2.2 E-04
9.7 E-06

2.8 E-06

3.46 E-03
3.6 E-03
5.45 E-04
1.49 E-03
1.1 E-03
5.32 E-03
7.5 E-03
4.08 E-03
2.57 E-03
1.1 7 E-03
8.92 E-03
3.75 E-03
2.0 E-02
5. 0 E-04
2.27 E-02
3.1 8 E-04

6 E-01
9.6 E-01
4.06 E-04
4.05 E-05
7.71 E-05
1 E-05
1.78 E-07

1.1 E-04

8.8 E+00
3.95 E+01
1.82 E+02
5 E+02
6.37 E+01
2.65 E+02
2 E+02
1 E+02
3.5 E+02
1.88 E+01
5.87 E+01
1.6 E+02
9.13 E+01
4.9 E+CO
1.4 E+01
1.1 E+01

Non>h«toQ*nat«d Samt-volatlle*

2-Meth>1 Napthal«n«
o-Cr«iol
p-Cresol
2,4-Dim«!hylphenol
m-Cresol
Phenol
Naphthalene
Benzo(a)Anlhracene
Fburen«
Acanaphthene
Anthracene
Dibenz(a,h)Anthracene
Fluoranthene
Pyrene
Chrysene
2,4-Oinitrophenol

Mlacellaneout

Coal Tar
Creosote

1.0058
1.0273
1.0347
1.0360
1.0380
1.0576
1.1620
1.1740
1.2030
1.2250
1.2500
1.2520
1.2520
1.2710
1.2740
1.6800

1.028<''
1.05

21.0

I8.98'r>
1.08"'

20
3.87

2.54 E+01
3.1 E+04
2.4 Er04
6.2 E+03
2.35 E+04
8.4 E+04
3.1 E+01
1.4 E-02
1.9 E+CO
3.88 E+00
7.5 E-02
2.5 E-03
2 65 E-01
1.48E-01
6. 0 E-03
6.0 E+03

5.06 E-02
4.7 E-05
3.5 E-04
2.5 E-06
3,8 E-05
7.8 E-07
1.27 E-03
4.5 E-06
7.65 E-05
1.2 E-03
3.38 E-05
7.33 E-08
6.5 E-C6
1.2 E-05
1.05 E-06
6.45 E-10

6.80 E-02
2.45 E-01
1.08 E-01
9.8 E-02
1.53 E-01
5.293E-01
2.336E-01
1.16 E-09
6.67 E-04
2.31 E-02
1.08 E-05
1 E-10
E-02 E06
6.67 E-06
6.3 E-09
1.49 E-05

I')
|2| ccotipoise (cp). water ha* a dynamic viscosity o' 1 <p at 20*C
|3) centistokes (cs)

{5] atm-mVmol
|6J mm Hg
H 45'F{70)
|8J 15.5°C. varies with cr«oso« mix (62)



Retidual Saturation of
DNAPL In Soil From Spin

Vadoae
-Zone

Infiltration and
Leaching

Plume of Diwolved
• • Contaminants

Groundwater
~~ Flow

Atar. W»w«

Figure 1. The entire volume of DNAPL U exhausted by residual
saturation In the vsdoie zone prior to DNAPL reaching
the water table. Soluble phate compound* may be
leached from the DNAPL retldual Mturatlon and
contaminate the ground water.

saturation. In this spill scenario, the residual saturation in the
unaaturated zone exhausted the volumt of DNAPL, preventing
k from reaching the water table. This figure also shows the
subsequent leaching (solubilization) ot the DNAPL residual
saturation by water percolating through the unsaturated zone
(vadose zone). The leach ate reaching the saturated zone
results in ground-water contamination by the soluble phase
components of the hydrocarbon. Additionally, the residual
saturation at or near the water table Is also subjected to
leaching from the rise and fall of the water table (seasonal, sea
level, etc.).

Increasing Information is drawing attention to the importance of
the possibility that gaseous-phase vapors from NAPL in the
unsaturated zone are responsible lor contaminating the ground
water and soil (18,47). It is reported that the greater "relative
vapor density' of gaseous vapors to air will b« affected by
gravity and will tend to sink. In subsurface systems where
lateral spreading is not restricted, spreading of the vapors may
occur as indicated in Figure 2. Tne result is that a greater
amount of soils and ground water will be exposed to the
ONAPL vapors and may result in further contamination. The
extent of contamination will depend largely on the partitioning
of the DNAPL vapor phase between the aqueous and solid
phases.

DNAPL Phase Distribution • Fo-jr Phase System

h Is apparent from Figures 1 and 2 that the DNAPL may be
present in the subsurface in var'ous physical states or wha; is
referred to as phases. As illustrated in Figure 3, there are lour
possible phases; gaseous, solid, water, and immiscible
hydrocarbon (DNAPL) in the unsaturated zone. Contaminants
associated with the release of DNAPL can, therefore, occur in
(our phases described as follows:

1. Air phase • contaminants may be present as vapors:
2. Solid phase - contaminants may adsorb or partition crlc

the soil or aquifer material;
3. Water phase - contaminants may dissolve jn:o the water

according to their solubility; and

Figure 2. Migration of DNAPL vapor* from the apll! arei and
aubaequenl contamination of the toll* and ground
water.

4. Immiscible phase • contaminants may be present as
dense nonaqueous phase liquids.

The four phase system is the most complex scenario because
there are four phases and the contaminant can partition
between any one or all tour of these phases, as illustrated in
Figure 4. For example, TCE introduced into the subsurface as
a DNAPL may partition onto the soil phase, volatilize into the
soil gas, and solubilize into the water phase resulting in
contamination in all four phases. TCE can also partition
between the water and soil, water and air, and between the soil
and air. There are six pathways of phase distribution in the
unsatura'.ed zone. The distribution of a contaminant between
these phases can be represented by empirical relationships
referred to as partition coefficients. The partition coefficients, or
the distribution of the DNAPL between the four phases, is
highly site-specific and highly dependent on the characteristics
of both the soil/aquifer matrix and the DNAPL. Therefore, the
distribution between phases may change with time and/or
location at the same site and during different stages of she
remediation.

Solid
Water

ONAPL

Figure 3. A DNAPL contaminated untaturated zone hoi four
priyilcal tuiti or ph*M* (air, *olid, water, Immiscible).
The contaminant may be present In any one, or all lour
phases.



Four Pha$$ System
partition Coefficients
X .
KM > H*ray^ Con«:in
1C . DNAPL-wtttr pitltton cMfficitnt

Water

nciuretj
"̂ ~h~~ R

Figure 4. Distribution of DNAPL b«twe«n Ih* lour phM** found
In tht vmdo»azon«.

Figure 5. DNAPL • pilled Into (reduced rock «y»t«m« may
follow * complex distribution of the preferential p»thw»yi.

Th« concept of phase distribution Is critical in decision-
making. Understanding tht phase distribution of a DNAPL
introduced into the subsurface provides significant Insight in
determining which tools are viable options with respect to site
characterization and remediation.

DNAPL represented by residua! saturation in the tour phase
diagram is largely immobile under the usual subsurface
pressure conditions and can migrate further only: 1) in water
according to its solubility; or 2) in the gas phase of the
unsaturated zone (47). DNAPL components adsorbed onto the
soil are also considered immobile. The mobile phases are.
therefore, the soluble and volatile components of the DNAPL
In the water and air, respectively.

The pore space In the unsaiuratwJ zone may be fl'tod with one
6r1alUn7e4 HUB phastts (yai»wuus, Aqueous, immbciblo). The
presence of DNAHL oa a cciMinlloU* immisclulv plwwi I us Hie
potential to be' mobile. I he rttoBllity Ct DNAPL Id Hiw
subsurface must be evaluated on a case by case basis. The
maximum number of potentially mobile fluid phases is three.
Simultaneous flow of the three phases (air, water, and
immiscible) Is considerably more complicated than two-phase
flow (46). The mobility of three phase flew in a four-phase
system is complex, poorly understood, and is beyond the
•cope of this DNAPL overview. The relative mobility of the two
phases, water and DNAPL, in a three-phase system is
presented below In the section entitled "Relative Permeabi'ity.'

Generally, rock aquifers contain a myriad of cracks (fractures)
of various lengths, widths, and apertures (32). Fractured rock
systems have been described as rock blocks bounded by
discrete discontinuities comprised of fractures, joints, and
•hear zones which may be open, mineral-fined, deformed, or
•ny combination thereof (61). The unsaturated zone overlying
these fractured rock systems also contain the myriad of
preferential pathways. DNAPL introduced into such formations.
(Figure 5) follow complex pathways due to the heterogeneous
distribution of the cracks, corduhs, and fractures', i.e.,
preferential pathways. Transpon o' DNAPL may follow non-
Darcian flow in the open fractures and/or Darcian flow in the
porous media filled fractures. Relatively small volumes of
NAPL may move deep, quickly Intc the rock because the

retention capacity offered by the dead-end fractures and the
immobile fragments and globules in the larger fractures is so
small (32). Currently, the capability to collect the detailed
information for a complete description of a contaminated
fractured rock system is regarded as neither technically
possible nor economically feasible (61).

Low permeability stratigraphic units such as high clay content
formations may also contain a heterogeneous distribution of
preferential pathways. As illustrated in Figure 6. DNAPL
transport in these preferential pathways is correspondingly
complex. Typically, it is assumed that high clay content
formations are impervious to DNAPL. However, as DNAPL
spreads out on low pormeable formations it tends to seek out
zones of higher permeability. As a result, preferential pathways
allow the DNAPL tc migrolo further into the low permeahlA
(uimation, or through it to underlying strat'̂ 'p^ i«li* h is
9ppa.'«m !ioin FUJI n HI, 3 and C that tho complexity of CMAPt

t fftay bw shjiii'iu-aril prior to ranching tho watar table.

Saturated Zone

The second general scenario is one in which the volume of
DNAPL is sufficient to overcome the fraction depleted by the
residua' saturation in the vadose zone, as illustrated in Figure
7. Consequently, the DNAPL reaches the water table and
contaminates the ground water directly. The specific gravity ol
DNAPL is greater than water, therefore, the DNAPL migrates
into the saturated zone. In this scenario. DNAPL continues the
vertical migration through the saturated ?one until the volume
is eventually exhausted by the residual saturation process or
until H is intercepted by a 'ow permeable formation where it
begins to migrate laterally.

Phase Distribution • Three Phas Sstem

Due to the lack of me gaseous phase, the saturated zono
containing DNAPL is considered a three-phase system
consisting ol the solid, water, and immiscible hydrocarbon
(Figure 8). Contaminant distrioution in the ihree-phaso system
is i«ss compiei trur the Jour-phase system. Again, l!",is is
highiy dependent on tho characteristics o< both the aquifer



Figure 6. DNAPL a pi lied into • low permeable formation may
follow • complex dlatrlbutlon of preferential pathwaya,
The volume of DNAPL la exhausted (n the vadoae zone
prior lo reaching the Water table.

matrix and the DNAPL. Figure 9 Indicates th« three phases
•nd the transfer of the mass of contaminant between the
phases. In this scenario, there are only three pathways of
phase distribution in the saturated zone.

Note that when the DNAPL ts represented by residua!
saturation in the three-phase system, the mobile phase of the
contaminant is the water soluble components of the DNAPL
and the immobile phases are the. residual saturation and the
adsorbed components of the DNAPL associated with the
aquifer malarial. The main mobilization mechanism of the
residual saturation is removal of soluble phase components
into the ground water. When the DNAPL is present as a
continuous immiscible phase, ft too Is considered one of the
mobile phases of the contaminant. While the continuous phase
DNAPL has the potential to be mobile, Immobile continuous
phase DNAPL may also exist in the subsurface. Although the
taturated zone is considered a three-phase system, gaseous
vapors Irom DNAPL in the unsaturatod zone does have the

Reaidual
Saturation of
DNAPL in Soil

From Spin

Plum* of Oiwolved
• Contaminants • Flow

Reaidual
Saturation in Saturated Zone

AM. Win* w Cm* tor 0/ou\d.ior Pmirtli. IM«.

Flgur* 7. The voluma ol DNAPL!» eufflclent to overcome th«
realdual saturation In lha vadoM zone and
consequently ptn«(rataa the water table.

Water

DNAPL

Sofid

Figure fi. A DNAPL contaminated saturated lone haa three
phaaee (aolid, water, immladble). The contaminant
may be preaent In any one, or all three phaaea.

potential to affect ground-water quality, as was indicated earlier
in Figure 2.

Assuming the residual saturation in the saturated zone does
not deplete the entire volume of the DNAPL, the DNAPL will
continue migrating vertically until it encounters a zone or
stratigraphic unh of lower permeability. Upon reaching the zone
of lower permeability, the DNAPL will begin to migrate laterally.
The hydraulic conductivity in the vertical direction is typically
toss than in the horizontal direction. It Is not uncommon to find
vertical conductivity that is one-fifth or one-tenth the horizontal
value (4). ft is expected that DNAPL spilled into the subsurface
will have a significant potential to migrate laterally. If the lower
permeable boundary is "bowl shaped", the DNAPL will pond as
a reservoir (refer to Figure 10). As illustrated in Figure 11, it is
not uncommon to observe a perched DNAPL reservoir where a
discontinuous impermeable layer; i.e., silt or clay lens,
intercepts the vertical migration of DNAPL. When a sufficient
volume of DNAPL has been released and multiple
discontinuous impe'meabie layers exist, the DNAPL may be
present in several perched reservoirs as well as a deep

Three Phase System

Water

K' = DNAPL-water partition coefficient
K g Soit-wa:;r partition coefficient^

Figure 9. Distribution ot DNAPL between the three phases found
In the saturated zone.
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Figure 10. Migration of DNAPL through 1h» vadoae zone to »n
ImpemtMble boundary.

Figure 12, Perched and d««p DNAPL raMrvolra.

reservoir (refer to Figure 12). Lateral migration continues until
•fthttr the residual saturation depletes the DNAPL or an
Impermeable depression immobilizes The DNAPL in a reservoir
type scenario. Soluble-phase components of the DNAPL will
partition Into the ground water from both the residual saturation
or DNAPL pools. The migration of DNAPL vertically through
the aquifer results in the release of soluble-phase components
of the DNAPL across the entire thickness of the aquifer. Note,
that ground water becomes contaminated as it flows through.
and around, the DNAPL contaminated zone.

As Indicated earlier, DNAPL will migrate laterally upon
reaching a stratigraphic unit of lower permeability. Transport cf
DNAPL will therefore be largely dependent on the gradient a!
the stratigraphy. Occasionally, (he directional gradient of an
Impermeable stratigraphic unit may be different than the
direction of ground-water flow as illustrated in Figure 13a. This
may result in the migration of the continuous phase DNAPL in
t direction different from the ground-water flow. Nonhomonta!
Stratigraphic units with varying hydraulic conductivity may also
convey DNAPL in a different direction than ground-water flow,
and at different rates (refer to Figure 13b). Determination o! the
direction of impermeable stratigraphic units will therefore
provide useful information concerning the direction of DNAPL
transport.
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Flow
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Similar to the unsaturated zone, the saturated zone also
contains a complex distribution of preferential pathways from
cracks, fractures, joints, etc. DNAPL introduced into such
formations correspondingly follow the complex network o'
pathways through an otherwise relatively impermeable rock
malarial. Other pathways which may behave as vertical
conduits for DNAPL include root hotos, stratigraphic windows,
disposal wells, unsealed geotechnical boreholes, improperly
sealed hydrogeologicat investigation sampling holes and
monitoring wells, and eld uncased/unsealed water supply wells
(72). Transport of the DNAPL may migrate very rapidly in these
open conduits or follow Darcian flow in the surrounding porous
media or porous media filled fractures. A relatively small
volume of DNAPL can move deep into a fractured system due
to the low retentive capacity of the fractured system.
Consequently, fractured clay or rock stratigraphic units, which
are often considered lower DNAPL boundary conditions, may
have preferential pathways leading to lower formations, as
depicted in Figure 14. Careful inspection of soil cores at one
Superfund site indicated that DNAPL flow mainly occurrad
through preferential pathways and was not uniformly
distributed throughout the soi! mass (8). Due to the complex

Figure 11. Patched DNAPL r«$«rvoK

Figur* 13». StrAiiyriiphic gradient different from ground water
grodlent r»*ult» In a dl(i»r«nl direction of (low of th
ground wal«r and oontlnuoua phaa* DNAPL.
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flgun 13b. Non-horizontal ttrallgraphlc unlU with variable
hydraulic conductivity may convty DNAPL In •
different direction than th« ground wal«f How
direction.

'dtarfoution of preferential pathways, characterization of th«
V0lum9 distribution of the DNAPL is difficult.

Important DNAPL Transport and Fate Parameters

There ar« several characteristics associated with both the
subsurface media and the DNAPL which largely determine the
{ate and transport of the DNAPL. A brief discussion of these
parameters is included to help identify the specific details of
DNAPL transport mechanisms. Several of the distinctive
DNAPL phenomena observed on the field-scale relates back to
phenomena at the pore-scale. Therefore, it is important to
understand the principles from the pore-scale level to develop
an understanding of field-scale observations, which is the scale
at which much of the Supcrfund work occurs. A more
complete and comprehensive review of these parameters is
available (2.36,71).

DNAPL Characteristics

pensitv

Fluid density Is defined as the mass of fluid p«r unit volume,
i.e. g/cm3. Density of an immiscible hydrocarbon fluid Is the
parameter which delineates LNAPl's from DNAPL's. The
property varies not only with molecular weight but also
molecular interaction and structure. In general, the density
varies with temperature and pressure (2). Equivalent methods
of expressing density are specific weight and specific gravity.
Tha specific weight Is defined as the weight of fluid per unit
volume, i.e. lb/tt5. The specific gravity (S.O.) or the relative
density of a fluid is defined as the ratio of the weight of a given
volume of substance a! a specified temperature to the weight
of the same volume of water at a given temperature (31). The
S.Q. is a relative Indicator which ultimately determines whether
the fluid will float (S.Gx 1.0) on, or penetrate Into (S.G.>1.0}
the water table. Table 1 contains a list of compounds with a
density greater than one thai are considered DNAPL's. Note,
however, that while the specific gravity of pentachlorophenot
and the non-hatogenated semi-volatifes is greater than 1.00,
these compounds are a solid at room temperature and would
not be expected to be found as an Immiscible phase liquid at
wood preserving sites but are commonly found as contami-
nants. Pentachlorophenol is commonly used as a wood
preservant and is typically dissolved (4-7%) In No. 2 or 3 fuel
oil.

Viscosity

The viscosity of a fluid is a measure of rU resistance to flow.
Molecular cohesion is (he main cause of viscosity. As the
temperature increases in a liquid, the cohesive forces
decrease and the absolute viscosity decreases. The lower the
viscosity, the more readily a fluid will penetrate a porous
media. The hydraulic conductivity of porous media is a function
of both the density and viscosity of the fluid as indicated In
equation [1], It is apparent from this equation that fluids whh
either a viscosity less than water or fluids with a density greater
than water have the potential to be more mobile In the
subsurface, than water.

K - kpg where,

Fljur* 14. DNAPL transport In fractur* and poroo* mftdla
alratlgraphlcunlu.

K
k
P
g
v-

hydraulic conductivity (1]
intrinsic permeability
fluid mass density
gravity
dynamic (absolute) viscosity

Results from laboratory experiments indicated that several
chlorinated hydrocarbons which have low viscosity (melhylsne
chloride, perchloroethylene. 1.1,1-TCA.TCE) will infiltrate into
soil notably fester than will water (47). The relative value of
NAPL viscosity and density, to water, indicates how fast ft will
flow in porous media (100% saturated) with respect to water.
For example, several low viscosity chlorinated hydrocarbons
(TCE, tetrachloroe'.hylene. 1.1,1-TCA, Methylene Chloride.
Chloroform. Carbon Tetrachloride, refer to Table 1) will flow
1.5-3.0 times as fast as water and higher viscosity compounds
including '<c;ht hn?:i>;g oil. diese' fuef, jet fuel, and crude oif (i.«.
LNAPI's) will flow 2-10 times slower than water (45). Both coal
tar and crs.csote typically have a specific gravity greater than
one and a viscosity greater than water. It is Interesting to note



that the viscoehy o( NAPL may change with time (36). As fresh
crude Oils lose the lighter volatile components from
•vaporatlon, the oils become more viscous as the heavier
components compose a larger fraction of the oily mixture
rnultlng In an increase in viscosity.

When an organic chemical b In physical contact with water, the
organic chemical will partition into the aqueous phase. The
•quffibrium concentration of the organic chemical In the
aqueous phase l» referred to as its solubility. Table 1 presents
the solubility of several of the most commonly found DNAPL'*
«t EPA Superfund Sites. The solubility of organic compounds
varlee considerably from the infinitely mlscible compounds,
Including alcohols (ethanol, methanol) to extremely low
•dubllfty compounds such as polynuclear aromatic
compounds.

Numerous variables Influence the solubility of organic
compounds. The pH may effect the solubility of some organic
compounds. Organic acids may be expected to increase in
solubility with Increasing pH, while organic bases may act In
the opposite way (31). For example, pentachlorophenol is an
add which Is Ionized at higher pH's. In the ionized form,
pentachlorophenol would be more soluble in water (59).
Solubility In water Is a function of the temperature, but the
strength and direction of this function varies. The presence of
dissolved salts or minerals in water leads to moderate
decreases In solubility (31). In a mixed solvent system,
consisting of water and one or more water-miscible
compounds, as the fraction of the cosorvent in the mixture
increases, the solubility of the organic chemical Increases
exponentially (12). In general, the greater the molecular weight
and structural complexity of the organic compound, the lower
the solubility.

Organic compounds are only rarely found in ground water at
concentrations approaching their solubility limits, even when
organic liquid phases are known or suspected to be present.
The observed concentrations are usually more than a factor of
10 tower than the solubility presumably due to ditfusional
limitations of dissolution and the dilution of Ihe dissolved
organic contaminants by dispersion (74). This has also been
attributed to: reduced solubility due to the presence of other
soluble compounds, the heterogeneous distribution of DNAPL
In the subsurface, and dilution from monitoring wells with long
Intake lengths (10). Detection of DNAPL components in the
subsurface below the solubility should dearly not be
Interpreted as a negative indicator for the presence of DNAPL.

In a DNAPL spill scenario where :h« DNAPL or its vapors are
in contact with the ground water, the concentration of the
soluble phase components may range from non-detectable up
to the solubility of the compound. The rate of dissolution has
b«en expressed as a function of the properties of the DNAPL
components (solubility), ground water flow conditions,
differential between the actual and solubility concentration, and
the contact area between the DNAPL and the ground water
(10). The contact area w expected to b« heterogeneous and
difficult to quantify. Additionally, as the time of contact
increases between the DNAPL and the water, the
concentration in the aqueous phase increases.

Vapor Pressure

The vapor pressure »that characteristic of the organic
chemical which determines how readily vapors volatilize or
evaporate from the pure phase liquid. Specifically, the partial
pressure exerted at the surface by these free molecules Is
known as the vapor pressure (30). Molecular activity In a liquid
tends to tree come surface molecules and this tendency
towards vaporization is mainly dependent on temperature. The
vapor pressure of DNAPL'* can actually t* greater than the
vapcr pressure of volatile organic compounds. For example, at
20 C, the ratio of the vapor pressures of TCE and benzene is
1.4(1).

Volatlfity

The volatility of a compound is a measure of the transfer of the
compound from the aqueous phase to the gaseous phase. The
transfer process from the water to the atmosphere Is
dependent on the chemical and physical properties of the
compound, the presence of other compounds, and the physical
properties (velocity, turbulence, depth) of the water body and
atmosphere above (t. The factors that control volatilization are
the solubility, molecular weight, vapor pressure, and the nature
of the air-water interface through which ft must pass (31). The
Henry's constant is a valuable parameter which can be used to
help evaluate the propensity of an organic compound to
volatilize from the water. The Henry's law constant is defined
as the vapor pressure divided by the aqueous solubility.
Therefore, the greater the Henry's law constant, the greater the
tendency to volatilize from the aqueous phase, refer to Table 1.

^erfacial Tension

The unique behavior of DNAPLs in porous media Is largely
attributed to the interfacial tension which exists between
DNAPL and water, and between DNAPL and air. These
interfacial tensions, result in distinct interfaces between these
fluids at the pore-scale. When two Immiscible liquids are in
contact, there is an interfacial energy which exists between the
fluids resulting in a physical interface. The interfacial energy
arises from the difference between the inward attraction of the
molecules in the interior of each phase and those at the
surface of contact (2). The greater the interfacial tension
between two immisoble liquids; the less likely emulsions will
term; emulsions will be more stable if formed, and the better
the phase separation after mixing. The magnitude of the
interfacial tension is less (Kan the larger of the surface tension
values for the pure liquids, because the mutual attraction of
unlike molecules at the interface reduces the large imbalance
of forces (31). Interfacial tension decreases with increasing
temperature, and may be affected by pH, surfactants, and
gases in solution (36). When this force is encountered between
a liquid and a gaseous phase, the same force is called the
surface tension (66).

Tne displacement of water by DNAPL and the displacement of
DNAPL by water in porous media often involves a phenomena
referred to as immiscible fingering. The lower tha interfacial
tension between immiscible fluids, the greater the instability of
the waterCNAPL interface and thus the greater the immiscible
dngeong (27). The distribution cl the fingering effects in porous
media has been reported to be a function of the density,
viscosity, surface tension (27) and tha displacement velocity



(13) of th« fluids Involved as well as the porous media
heterogeneity (28).

WflHabilrlv

WettaWlrty refers to the relative affinity of the soil for the
various fluids - water, air, and the organic phase. On a solid
surface, exposed to two different fluids, the wettabilHy can be
Inferred from the contact angle (66). also referred to as the
wetting angle, refer to Figure 15. In general, K the wetting angle
b less than 90 degrees, the fluid is said to b« the wettina fluid,
tn this scenario, water will preferentially occupy the smaller
pores and will be found on solid surfaces (14), When the
wetting angle is near 90 degrees, neither fluid a preferentially
attracted to the solid surfaces. If the wetting angle is greater
than 90 degrees, the DNAPL is said to be the wetting fluid. The
wetting angle is an Indicator used to determine whether the
porous malarial will be preferentially wetted by either the
hydrocarbon or the aqueous phase (71). Wettability, therefore,
describes the preferential spreading of one fluid over solid
surfaces In a two-fluid system. The wetting angle, which Is a
measure of wettablllty.'Js a solid-liquid interaction and can
actually be defined in terms of Interfacial tensions (71).
Several methods have been developed to measure the wetting
angle (36,71). In most natural systems, water 1$ the wetting
fluid, and the immiscible fluid is the non-wetting fluid. Coal tar
may be the exception (i.e. contact angle greater then 90
degrees), which is mainly attributed to the presence of
surfactants (70). The wetting fluid will tend to coat the surface
of grains and occupy smaller spaces (i.e. pore throats) in
porous media, the non-wetting fluid will tend to be restricted to
the largest openings (47).

The wetting angle depends on the character of the solid
surface on which the test is conducted. The test is conducted
on flat plates composed of minerals which are believed
representative of the media, or on glass. Contact angle
meaaurcmonlG for crude Til jr îraio* that the wettina angles
vary widely depending on the mineral surface (53). Soil and
aquifer material are not composed of homogeneous mineral
composition nor flat surfaces. The measured waning angle can
only be viewed as a qualitative indicator of wetting behavior.

The reader Is recommended to refer 10 reference No. 31 tor
review of the basic principles and lor various techniques to
measure the following DNAPL parameters: density, viscosity,
(nterfacial tension, solubility, vapor pressure, and volatility.

Subsurface Media Characteristics
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Capillary pressure is important In ON APL transport because TH
largely determines the magnitude of the residual saturation that
Is left behind after a spill incident. The greater the capillary
pressure, the greater the potential for residual saturation. In
general, the capillary force Increases in the following order;
sand, silt, clay. Correspondingly, the residual saturation
increases In the same order, Capillary pressure is t measure
of the tendency of a porous medium to suck In the wetting fluid
phase or to repel the nonwetting phase (2). Capillary forces are
closely related to the wettability of the porous media. The
preferential attraction of the wetting fluid to the solid surfaces
cause that fluid to be drawn Into the porous media. Capillary
forces are due to both adhesion forces (the attractive force of
liquid for the solids on the walls of the channels through which
h moves) and cohesion forces (the attraction forces between
the molecules of the liquid) (32). The capillary pressure
depends on the geometry of the void space, the nature of
solids and liquids, the degree of saturation (2) and In general,
in<reases with a decrease In the wetting angle and in pore
size, and with an increase in the irrtsrfacial tension (71). AD
pores have some value of capillary pressure. Before a
nonwetting fluid can enter porous media, the capillary pressure
of the largest pores (smallest capillary pressure) must be
exceeded. This minimum capillary pressure is called the entry
pressure.

In the unsat urated zone, pore space may fc» occupied by
water, air (vapors), or immiscible hydrocarbon. In this scenario,
capillary pressure retains the water (wetting phase) mainly In
the smaller pores where the capillary pressure is greatest. This
restricts the migration of the DNAPL (non-wetting phase)
through the larger pores unoccupied by water. Typically,
DNAPL does not displace1 tnc poru walur fiom the smaller
pores. It is interesting lo note that the migration of DNAPL
through fine material (high capillary pressure) will be impeded
upon reaching coarser material (low capillary pressure).

The capillary fringe will obstruct the entry of the DNAPL into
th« saturated zone When a sufficient volume of DNAPL has
been released and the "DNAPL pressure head* exceeds the
water capillary pressure at the capillary fringe (entry pressure),
the DNAPL will penetrate the water table. This Is why DNAPL
is sometimes observed to temporarily flatten out on top cf the
water table. Similarly, laboratory experiments have been
conducted in which DNAPL (tetrachloroethylane) infiltrating
through porous media was found to flow laterally and cascade
off lenses too fine to penetrate (28), (refer to Figure 11). This
was attributed to the inability of the DNAPL to overcome the
high capillary pressure associated with (he lenses.J_ogically,
when 'DNAPL pressure head" exceeds the capfllar/pressure.
the DNAPL will penetrate into the smaller pores. These "̂ ~-
laboratory experiments are important because they Illustrate
that small differences in the capillary characteristics of porous
media car. induce significant lateral flow of non-waning fluids.

A comprehensive investigation of capillary trapping and
multiphase flow of organic liquids in unconsolidaied porous
media revealed many intricacies of this process in the vadosa
and saturatod rone (66). An important note is that while
capillary pressure is rarely measured at hazardous waste sites,



th» soQ texture (sand, »llt, clay) te usually recorded during
drilling operations and soil surveys. This Information, along with
•Oil cor* analyses win help to delineate the stratigraphy and
th« volume distribution o< NAPL

Pore Size Distribution/Initial Moisture Content

In natural porous media, the geometry of the pore space is
•xtremely irregular and complex (2). The heterogeneity of the
subeurtace environment La. the variability of the pore size
distribution, directly affects the distribution of the capillary
pressure* along the interfaces between the aqueous and
immiscible phases (SO). In saturated column experiments, It
was observed that NAPL preferentially traveled through strings
of macropores, almost completely by-passing the water filled
micropores (66). In the same study, a heterogeneous
distribution of coarse and fine porous material was simulated.
Moat of the Incoming organic liquid preferentially traveled
through the coarse lens material.

In short term column drainage experiments, results indicated
that the partide grain size Is of primary importance in
controlling the residual saturation of a gasoline hydrocarbon
(10). Fine and coarse sands (dry) were found to have 55%
and 14% residual saturation, respectively- The finer the sand,
the greater the residual saturation. During these experiments.
the residual saturation was reduced 20-30% in a medium
sand and 60% In a fine sand when the sands were initially wet.
Soil pore water held tightly by capillary forces in the small
pores will limit the NAPL to the larger pores, and thu$, result in
tower residual saturation. In a similar laboratory (unsaturated)
column study, the smaller the grain size used In the
experiment, the greater the residual saturation of the NAPL
(74). The residual saturation in the saturated column
experiments was found to b« greater than the unsaturated
columns and was independent of the particle size distri-
bution.

These observations follow traditional capillary force theory.
Residual saturation resulting from a DNAPL spill in the
unsaturated zone 1$ highly dependent on the antecedent
moisture content in the porous media. When the moisture
content is taw, the strong capillary forces in the smaller pores
will tenaciously draw in and hold the DNAPL When the
moisture content is high, the capillary forces in the smaller
pores will retain the soil pore water, and DNAPL residual
saturation will mainly occur in the larger pores. Therefore,
greater residua! saturation can be expected in dryer soils.
Correspondingly, NAPL will migrate further in a wetter soil,
and displacement of NAPL from small pores is expected to
be more difficult than from large pores.

Stratlgraphie Gradfapj

DNAPL migrating vertically wili likely encounter a zone or
stratigraphic unit of lower vertical permeability. A reduction in
the vertical permeability of the porous media will induce lateral
(tow of the DNAPL The gradient of the tower permeable •
stratigraphic unit will largely determine the direction in which
the DNAPL will flow. This is applicable to both the saturated
and unsaturatod zones. As depicted in Figures 13a and 13b,
the lateral direction of ONAPL flow may be in a different
direction than ground-water flow.

Qround Water^Ffovy Velocity

The ground water flow velocity is a dynamic stress parameter
which tends to mobilize the hydrocarbon (39). As the ground
water velocity Increases, the dynamic pressure and viscous
forces Increase. Mobilization of DNAPL occurs when the
viscous forces of the ground water acting on the DNAPL,
exceeds the porous media capillary forces retaining the
DNAPL.

Saturation Dependent Functions

Residual S^uratjon

Residual saturation Is defined as the volume of hydrocarbon
trapped in the pores relative to the total volume of pores (39)
and therefore is measured as such (74). Residual saturation
has also been described as the saturation at which NAPL
becomes discontinuous and b immobilized by capillary forces
(36). The values of residual saturation vary from as low as 0.75
-1.25% for light oil in highly permeable media to as much as
20% for heavy oil (SO). Residual saturation values have also
been reported to range from 10% to 50% of the total pore
space (39,74). Other researchers reported that residual
saturation values appear to be relatively insensitive to fluid
properties and very sensitive to soil properties (and
heterogeneities) (66). Laboratory studies conducted to predict
the residual saturation in soils with similar texture and grain
size distribution yielded significantly different values. It was
concluded that minor amounts of clay or silt in a soil may play
a significant role in the observed values.

In the unsaturated zone during tow moisture conditions, the
DNAPL residual saturation will wet (he grains in a pendular
state (a ring of liquid wrapped around the contact point of a
pair of adj&cent grains). During high moisture conditions, the
wetting fluid, which is typically water, will preferentially occupy
the pendular area of adjacent grains and the hydrocarbon will
occupy other available pore space, possibly as isolated
droplets. In the saturated zone, the DNAPL residual saturation
will be present as isolated drops in the open pores (47).
Furthermore, results of laboratory experimentation indicated
that residual saturation increased with decreasing hydraulic
conductivity in both the saturated and unsaturated zones end
that the residual saturation i$ greatest in the saturated zone.
Laboratory experiments indicated that vadose zone residual
saturation was roughly one third o> the residual saturation in
the saturated zone (€6). The increase in residual saturation in
the saturated zone is due to the following: [1] the fluid density
ratio (DNAPLrair versus DNAPLrwatar above and batow the
water table, respectively) favors greater drainage in the vadose
zone; (2) as the non-wetting fluid In most saturated media.
NAPL is trapped in the larger pores; and, (3] as the wetting
fluid in the vadose Jor.e. NAPL tends to spread into adjacent
pores and leave a lower residual content behind, a process
that is inhibited in the saturated zone (36). Thus, the capacity
for retention ol DNAPLs in the unsaturated zone is less than
the saturated zone.

Relative Permeability

Rotative permeability is defined as the ratio of the permeability
o! a fluid at a given saturation to its permeability at 100%
saturation. Thus it can have a value between 0 and 1 (71).
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Rgurt 18 Illustrates a relative permeability graph (or a two fluid
phase system showing the relationship between the observed
permeability of each fluid for various saturation! to that of the
Observed permeability if the sample were 100% saturated with
that fluid (73). The three regions of this graph are explained as
follow* (71): Region 1 has a high saturation of DNAPL and Is
considered a continuous phase while the water is a
discontinuous phase, therefore, water permeability is low.
Assuming the DNAPL (s the non-wetting fluid, water would (111
the smaller capillaries and flow through small irregular pores. In
Region II, both water and DNAPL are continuous phases
•(though not necessarily In the same pores. Both water and
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Figure 16. RefiUve permetblltty griph.

NAPLflow simultaneously. However, as saturation of either
phase increases, the relative permeability of the other phase
correspondingly decreases. Region III exhibits a high
saturation of warer while the DNAPL phase is mainly
discontinuous. Water flow dominates tnis region and (here Is
little or no flow of DNAPL.

Both fluids flow through only a part o! the pore space and thus
only a part of the cross section under consideration is available
for flow of each fluid. Therefore, the discharge of each fluid
must b« lower corresponding to its proportion of the cross
sectional area (46).

Figure 17 is another relative permeability graph which
demonstrates several points. Small increases in DNAPL
saturation results in a significant reduction in the relative
permeability of water. However, a small increase In water
saturation does not result in a significant reduction In DNAPL
relative permeability. This figure identifies two points, SO1 and
SO2, where the saturation of (he DNAPL and the water are
greater than 0 before there is a relative permeability for this
fluid. The two fluids hinder the movement of the other to
different degrees and both must reach a minimum saturation
before they achieve any mobility at all (47). These minimum
saturations, for the water and DNAPL. are identified as
Irreducible and residual saturation, respectively.

100% v

, teas')

Figure 17. The ret*tlve pertneiblllty curve* for witer end •
DNAPL In a porous medium «t a (unction of the pore
•pic* Mlur«llor\.

Site Characterization for DNAPL

Characterization of the subsurface environment at hazardous
waste shes containing DNAPL is complex and will likely be
expensive. Specific details associated with the volume and
timing of the DNAPL release are usually poorer are not
available and subsurface heterogeneity is responsible for the
complicated and unpredictable migration pathway of
subsurface DNAPL transport. As discussed previously, slight
changes in vertical permeability may induce a significant
horizontal component to DNAPL migration.

Site characterization typically involves a significant investment
in ground-water analyses. Although analysis of ground water
provides useful information on the distribution of the soluble
components of the DNAPL, the presence of other phases of
the DNAPL may go unrecognized. The investigation must,
therefore, be murw detailed to obtain information concerning
the phase distribution of the DNAPL at a site. Site
characterization may require analyses on all four phases
(aqueous, gaseous, solid, immiscible) to yield the appropriate
information (refer to Table 2). In brief, data collected on the
various phases must be compiled, evaluated and used to help
identify: where the contaminant is presently located; where it
has boon; what phases ft occurs in; and what direction the
mobile phases may be going. A comprehensive review of site
characterization for subsurface investigations Is available (68).
Development of monitoring and remediation strategies can be
focused more effectively and efficiently after a clear definition
of the phase distribution has been completed.

Ground Water

Ground water analyses for organic compounds, in conjunction
with ground water I low direction data, has repeatedly bean
used lo; delineate the extent of ground water contamination
from DNAPL; determine the direction of plume migration; and
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Ttblt 2 • Phase Distribution of DNAPL In the Subsurface Analysis of the soil or aquifer material by mow accurate

MATRIX PHASE

1. ground water aqueous - soluble components of DNAPL

2. soil/aquifer solid • adsorbed components o( DNAPL
material on solid phase material

3. DNAPL knmisclble • continuous phase (mobile),
residual saturation (immobile)

4. son gas gaseous • volatile components

to Identify probable DNAPL source area(s). While this
approach has been used successfully to characterize the
distribution of contaminants in the subsurface, there are
Imitations. For example, since DNAPL and ground water may
flow Indifferent directions, as Indicated in Figures I3a and 13b,
ground water analyses may not necessarily identify the
direction of DNAPL migration.

Ground water analyses may be useful to identify probable
DNAPL source areas, but, estimating the volume of DNAPL in
the subsurface is limited using this approach. Soluble phase
components of DNAPL are rarely found in excess of 10% of
the solubility even when organic liquids are known or
suspected to be present. The concentration of soluble DNAPL
components in the ground water is not only a function of the
•mount of DNAPL present, but also the chemical and physical
characteristics of the DNAPL, the contact area and time
between the ground water and DNAPL. and numerous
transport and fate parameters (retardation, biodegradation,
dispersion, etc.). One technique has been developed using
chemical ratios in the ground water as a means of source
identification and contaminant fate prediction (18).

Soil/Aquifer Material

Physical and chemical analyses of coil and aquifer material
(drill tunings, cores) from exploratory borings will provide
useful information In the delineation of the horizontal and
vertical mass distribution of DNAPL. While simple visual
examination for physical presence or absence of contamination
might seem like a worthwhile technique, it can be deceiving
and does nothing to sort out the various liquid phases and their
relationship to each other (71). A quantitative approach is
necessary to determine DNAPL distribution.

Drill cuttings or core material brought to the surface from
exploratory borings can be screened initially to help delineate
the depth at which volatile components from the various
phases of the hydrocarbon exists. The organic vapor analyzer
and the HNU are small portable instruments that can detect
certain volatile compounds in the air. These methods are used
to Initially screen subsurface materials for volatile components
of DNAPL. Identification of Individual compounds and IhnV
Concentrations may be confirmed by other, more precise.
analyses.

means, such as gas chromatography or high pressure liquid
chromatography, will take longer but will provide more specific
Information on a larger group of organic compounds, I.e.,
volatile/non-volatile. and on specific compounds. This
information is necessary to help fix the horizontal and vertical
mass distribution of the contaminant and to help delineate the
phase distribution. These analyses do not distinguish between
soluble, sorbed or free-phase hydrocarbon, however; a low
relative concentration Indicates that the contaminant may
mainly be present In the gaseous or aqueous phases; and a
high relative concentration Indicates the presence of sorbed
contaminant or free phase liquid either as continuous-phase or
residua! saturation. A more rigorous set of analyses Is required
to distinguish between the various phases.

Additional tests to Identify the presence of NAPL in soil or
aquifer core sample are currently undeveloped and research In
this area is warranted. Squeezing and immisdble displacement
techniques have been used to obtain the pore water from
cores (40). Other methods of phase separation involving
vacuum or centrifugation may also be developed for this use. A
paint fitter test was proposed in one Superfund DNAPL field
investigation where aquifer cores were placed in a filter/funnel
apparatus, water was added, and the filtrate was examined for
separate phases. These core analysis techniques have
potential to provide valuable field data to characterize NAPL
distribution.

Con^Penetrometer

The cone penetrometer (ASTM 03441-86)(69) has been used
for some time to supply data on the engineering properties of
soils. Recently, the application of this technology has made tho
leap to the hazardous waste arena. Tne resistance of the
formation is measured by the cone penetrometer as h is driven
vertically into the subsurface. The resistance is interpreted as
a measure of pore pressure, and thus provides information on
the relative stratigraphic nature of the subsurface. Petroleum
and chlorinated hydrocarbon plumes can be detected most
effectively when the cone penetrometer'» used in conjunction
with in-shu sensing technologies (48). Features of the cone
penetrometer include: a continuous reading of the stratigraphy/
permeability; in-situ measurement; immediate results are
available; time requirements are minimal; vertical accuracy ol
straligraphic composition is high; ground-water samples can be
collected in-situ; and the cost is relatively low.

Data from the cone penetrometer can be used to delineate
probable pathways of DNAPL transport. This is accomplished
by identifying permeability profiles in the subsurface. A zone of
low permeability underlying a more permeable stratigraphic
unh will likoly impede vertical transport ol the DNAPL. Where
such a scenario is found, a collection of DNAPL is probable
and further steps can be implemented to more accurately and
economically investigate and confirm such an occurrence.
This general approach has successfully been implemented at
one Superfund site (8).

DNAPL

Well Level Measurements

In ar effort 10 delineate the horizontal and vortical extent of the
DMAPL at a spill site, it is important to determine the elevation
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of DNAPL In the subsurface Monitoring DNAPL elevation over
time wlH indicate the mobility of the DNAPL There are several
method* that can b« used to determine the presence of
DNAPL In a monitoring well. One method redes on the
drfferenc* In elearical conductivity between the DNAPL and
water. A conductivity or resistivity sensor Is lowered Into the
w«ll and a profile Is measured. The Interface of the DNAPL Is
accurately determined when the difference in conductivity is
detected between th« two fluids. This instrument may also be
Uttd to delineate LNAPL A transparent, bottom-loading bailer
can also be used to measure the thickness (and to sample) of
DNAPL In a welt (36). The transparent bailer Is raised to the
surface and the thickness of the DNAPL Is made by visual
measurement.

Several laboratory and field studies have been performed
which Investigate the anomaly between the actual and
measured LNAPL levels In ground-water wells (15,16.24.25).
The anomaly between actual and measured NAPL thickness in
the subsurface is also applicable to DNAPL. but for different
reasons. The location of the screening Interval is the key to
understanding both scenarios. First, If the well screen interval
Is situated entirely In the DNAPL layer, and the hydrostatic
head (water) in the well Is reduced by pumping or bailing, then
to maintain hydrostatic equilibrium, the DNAPL will rise in the
wen (36,44.71) (refer to Figure 18). Secondly. H the well screen
extends Into the barrier layer, the DNAPL measured thickness
will exceed that in the formation by the length of the well below
the barrier surface (36) (refer to Figure 19). Both of these
scenarios will resuft in a greater DNAPL thickness in Ihe wall
and thus a false Indication (overestimate) of the actual DNAPL
thickness will resuft. One of the main purposes of the
monitoring well in a DNAPL Investigation is to provide
Information on the thickness of the DNAPL in the aquifer.
Therefore, construction of the well screen should intercept the
ground water:DNAPL Interface and the lower end of the screen
should be placed as close as possible to the Impermeable
Stratigraphlc unit.

Measured > Actual

DNAPL Pool
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Figure 18. A well tcre«n«d only in the DNAPL In conjunction
with tow«r hydroxide toad (I.e. w»t«r) In «he well
m*y rwult In in cv«re»tlm»tlon ol DNAPL thlckne**.
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Figure 19. A wefl eer«en«d Into an lmp«rm«abl* boundary
miy reeutt In «n ov«r-*«timatlon of the DNAPL
thlckneti.

DNAPL Sampling

Sampling of DNAPL from a well is necessary to perform
chemical and physical analyses on the sample. Two of the
most common methods used to retrieve a DNAPL cample from
a monitoring well are the peristaltic pump and the bailer. A
penstafcic pump can b« used to collect a sample if the DNAPL
is not beyond the effective reach of the pump, which is typically
less than 25 feet. The best method to sample DNAPL Is to use
a double check valve bailer. The key to sample collection is
controlled, slow lowering (and raising) of the bailer to the
bottom of the well (57). The dense phase should be collected
prior to purging activities.

Soil-Gas Surveys

A soil-gas survey refers to the analysis of the soil air phase as
a means to delineate underground contamination from volatile
organic chemicals and several techniques have been
developed (34,52). This investigative tool is mainly used as a
preliminary screening procedure to delineate the area) extent
of volatile organic compounds in the soil and ground water.
This method is quick, less expensive than drilling welts and can
provide greater plume resolution (33).

Data from a soil-gas survey Is a valuable aid in the
development of a more detailed subsurface investigation
where ground water monitoring wells and exploratory borings
are strategically located for further she characterization. There
are limitations to soli-gas surveys (26.52) and data
interpretation must be performed carefully (35,49). Soil-gas
investigations have mainly been conducted to Identify the
location of the organic contaminants in ground water. At the
t;me of this publication, the scientific literature did not contain
information specifically applicable to the delineation of DNAPL
from soil-gas survey data. However, ft is surmisable that soil-
gas surveys can be used to help delineate DNAPL residual
saturation in the unsatura'.ed zone or the location of parched
DNAPL reservoirs.
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The vertical migration of DNAPL In the saturated zone will
eventually ba challenged by a tow permeability atratigraphk:
unl According to the principles of capillary pressure, the tower
permeability unit wlO exhibit a gr«at«r capillary pressure.
Displacement erf water by DNAPL require* that the hydrostatic
tore* from the mounding DNAPL exceed the capillary tore* of
the bw permeability unh. The Hobeon formula w used to
confute the critical height calculation to overcome the
capiary pressure under different pore size conditions (70).

In an effort to minimize further DNAPL contamination as a
resui of drilling investigations, precautionary steps should be
taken. Penetration of DNAPL reservoirs In the subsurface
during drilling activities offers a conduh for the DNAPL to
migrate vertically into previously uncontamlnaisd areas. It is
very easy to unknowingly drill through a DNAPL poo! and the
bed ft sits on, causing the pool to drain down the hole into a
deeper part of the aquifer or Into a different aquifer (32).
Special attention to grouting and sealing details during and
•her drilling operations will help prevent cross-contamination.

Precautionary efforts should also be considered when a
DNAPL reservoir is encountered during drilling operations. The
recommended approach Is to cease drilling operations and
Install a well screen over the DNAPL zone and cease further
drilling activities In the well. If h is necessary to drill deeper,
construction of an adjacent well is recommended. Alternatively,
V k Is not necessary to screen off that interval, it is
recommended to carefully sea) off the DNAPL zone prior to
drilling deeper.

Well construction material compatibility with DNAPL should be
investigated to minimize downhole material failure. A
construction material compatibility review and possible testing
WlO prevent the costly failure of well construction material. The
manufacturers of well construction material are likely to have
the most extensive compatibility data and Information
available.

Remediation

Remediation of DNAPL mainly involves physical removal by
either pumping or trench-drainline systems. Removal of
DNAPL early in the remediation process will eliminate the main
source of contaminants. This step will substantially Improve the
overall recovery efficiency of the various DNAPL phases
including the long term pump and treat remediation efforts for
soluble components. Remediation technologies such as
vacuum extraction, Wcdegradatlcn, ground water pumping,
and soil flushing Is mainly directed at the immobile DNAPL and
the various phases in which its components occur. Physical
barriers can be used In an effort to minimize further migration
of the DNAPL

Clean-up ol DNAPL can Involve sizable expenditures: they are
difficult to extract and the technology for their removal is just
evolving (43). Historically, field recovery efforts usually proceed
with a poor understanding of the volume distribution of the
DNAPL. This reflects the difficulties involved in adequate site
characterization, poor documentation of th» release, and the
complexity associated with the DNAPL transport in the
subsurface.

Pumping Systems

Pumping represents an important measure to stop the mobile
DNAFL from migrating as a separate phase by creating a
hydraulic containment and by removal of DNAPL (44). Very
•imply, DNAPL recovery is highly dependent on whether the
DNAPL can be located in the subsurface. The best recovery
scenario Is one in which the DNAPL is continuous and has
collected as a reservoir in a shallow, impermeable subsurface
depression. Cnce the DNAPL has been located and recovery
wells are property Installed, pumping of pure phase DNAPL Is
a possible option but depends largely on she specific
conditions which include, but are not Dmited to: DNAPL
thickness, viscosity, and permeability.

Many DNAPL reservoirs in the subsurface are of limited
volume and a real extent. Therefore, it can be expected that
both the level of DNAPL (saturated thickness) In the wed will
decline from the prepumping position and the percentage of
DNAPL in the DNAPLtwater mixture will decrease rather
rapidly. Correspondingly, DNAPL recovery efficiency
decreases. Reid results Indicate that recovery wells screened
only in the DNAPL layer will maintain maximum DNAPLwater
ratios (102). Well diameter was not found to influence long
term DNAPL recovery; however, large diameter wells allow
high volume pumping lor short durations; and small diameter
wells result in lower DNAPL:water mixtures and greater
drawdown.

An enhanced DNAPL recovery scheme may be used to
improve recovery efficiency. An additional well is constructed
with a screen interval in the ground water zone located
vertically upward from the DNAPL screen intake. Ground water
is withdrawn from the upper screen which results in an
upwelling of the DNAPL (70), refer to Figure 20. The upwelling
of the DNAPL, coal tar in this case, improved the rate (twofold)
at which the coal tar was recovered resulting In a more efficient
operation. The ground water withdrawal rate must be carefully
determined; too much will result in the coal tar from rising
excessively and being either mixed (emulsions) with or
suppressed by the higher water velocity above; too low will not

Figure 20. A ON API. r«cow«ry •yil*m
upwelling of the tUtlc coil-Ur *urf«c« l» u*«d to
inere*M In* flow of product Into 1h» recovery w«H».
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caused upwelling. An estirnaU Of thlv yuwvlllngcan b*
calculated using the simplified Ghyben-Herzberg Principle
under ideal conditions (4). Laboratory «tudi«a Indicated that
dimethyl phthalate (1.19 g/cc) recovery rate was doubted or
tripled over the conventional, non-upconlng, recovery scheme
(75). A similar application of this technique was used to
increase the level of ONAPL (solvents) In a sandstone bedrock
formation (11). Other enhanced DNAPL recovery techniques
were implemented utilizing both water flooding and weRbore
vacuum. Essentially, this minimized drawdown, allowing a
maximum pumping rate of the DNAPLwater mixture. Both
techniques offorrf significant «4w<.iQA« In terms Of th« rate
and potential dogroo of DNAPL removal (8).

The highly corrosive nature of some DNAPL's may increase
maintenance problems associated with the recovery system. A
twign oiriuiuuriiiKjfi uuiiuy my DMATL iooorsnr trsgram
should include a material compatibility review to minimize
downhole failures. This is applicable to the well construction
mtlirlfil tfvf Vr> •••"!~'« •pp'"'i»n«nm» of the recovery
system. Manufacturers of the construction material wuuW
most likely have IrW l>*M eampailUllliy kifurmation available. •

WhHe most scientists agree that the residual saturation uf
tmmfecibto hydrocarbon droplets in porous media are
immobile, researchers have Investigated the mobility of
residual saturation In porous media for enhanced oil recovery
and lor NAPL remediation at spill sites. Specifically, this
Includes a complex interplay between four forces (viscous,
gravity, capillary, buoyancy). These forces are dependent on
both the chemical and physical characteristics of the DNAPL
and porous media. The mobilization of residual saturation
mainly hinges on either increasing the ground water velocity
which Increases the viscous forces between the residual
saturation and the ground water, or decreasing the interfacial
tension between the residual saturation and the ground water
which decreases the capillary forces.

The capillary number Is an empirical relationship which
measures the ratio between the controlling dynamic stresses
(absolute viscosity and ground water velocity) and static
stresses (intorfacial tension) of the residual saturation (39). The
former are the viscous stresses and the dynamic pressure In
the water which tend to move the oil. The latter are the
capillary stresses in the curved water/oil interfaces which tend
to hold the oil in place. Ac the capillary number is increased,
the mobility of the residual saturation increases. In a laboratory
column study, the capillary number had to be increased two
orders of magnitude from when motion was initiated to
complete displacement of the hydrocarbon in a sandstone cere
(74). In a glass bead packed column, only one order of
magnitude increase was required. However, a higher capillary
number was required to Initiate mobility. Tne difference in
mobility between the two columns was attributed to the pore
geometry, I.e. size, shape.

There are limitations to residual saturation mobilization. The
ground water gradient (dh/dl) necessary to obtain the critical
capillary number to initiate blob mobilization would be 0.24. To
obtain complete NAPL removal would require a gradient of 16
(3). Ground water gradients of this magnitude are unrealistic.
Another estimate of the gradient necessary to mobilize carbon
tetrachloride in a fine gravel and medium sand was 0.09 and
9.0 respectively (74). The former gradient is steep but not
unreasonable and the latter gradient is very sleep and

. . In the field. Th» »aiT>* ««««rehara
concluded from more recent, comprehensive studies, that the
earlier predictions were optimistic, and that the gradient
necessary to mobilize residual organic liquid is clearly
Impractical (66). Another limitation to that along with residual
saturation mobilization, the NAPL blobs disperse Into smaller
blobs and that the blob distribution was dependent on the
resulting capillary number (6). Recovery ouhe NAPL residual
saturation by pumping ground water may be more feasible
where the porous media is coarse and capillary forces are low,
i.e. coarse sands and gravel. However, even In this scenario, it
Is expected that the radius of residual saturation mobilization
would be narrow.

h b held in petroleum engineering theory that the only practical
means of raising the capillary number dramatically Is by
i*u,»rmg «ha inrorfartwl tension /39) and that this can be
achieved by using surfactants (66). SurJadanls reiSUiA IMS
interfacial tension between two liquids, and therefore, are
injected into the subsurface for enhanced recovery of
immiidiBli fiyafflflflfUfillll, Ill MLV!f'"'j ••fwiimonloi ••rf»*i*ni
fluthing soMiiinc pmdiir.ad dramatic aa'ins In flushing even
after substantial watvr Hushing had taken ploco (54}.
Unfortunately, surfactants can bo quite expensive ?nrf nost
prohibitive in NAPL recovery operations. Surfactants are
usually polymeric in nature and a surfactant residue may be
left behind in the porous media which may not be
environmentally acceptable. Additionally, surfactants may be
alkaline and thus affect the pH of the subsurface environment.
It has been suggested that such a surfactant may inhibit
bacteria! metabolism and thus preclude subsequent use of
biological technologies at the site. Significant research in this
area is currently underw*y which may uncover information
improving the eccnor,.;Cs and feasibility of this promising
technology.

In summary, practical considerations and recommendations
concerning the mobilization and recovery of residual saturation
inc'ude the following: greater effectiveness in very coarse
porous media i.e. coarse sands and gravel; recovery wells
should be installed close to the source to minimize flow path
distance; a la'ge volume of water will require treatment/
disoosal at the surface; compounds with high interfacial
tension or viscosity will be difficult to mobilize; and implemen-
tation of linear one-dimensional sweeps through the zones of
residual saturation (74) and surfactants will optimize recovery.

Pumping the soluble components (aqueous phase) of DNAPL
from the immiscible (continuous and residual saturation), solid
(sorted), and gaseous phases has been perhaps one of the
most elective means to date to both recover DNAPL from the
subsurface and to prevent plume migration. Recovery of
soluble components quite often has been the only remediation
means available. This is largely attributed to the inability to
locate DNAPL pools and due to low, DNAPL yielding
formations. The basic principles and theory of pump and treat
technology and the successes and failures have been
summarized in other publications (64,67) and is beyond the
scope of this publication.

Pumping solubilized DNAPL components from fractured rock
ackers historically r-.cs boen plagued with a poor recovery
efficiency. Although the -ock matrix has a relatively small
sntergranular porosity, it is commonly large enough to allow
dissolved contaminants from the fractures to enter the matrix
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by diffusion and b« stored there by adsorption (32). The
release of these components is expected lo be a alow diffusion
dominated process. This is because little or no water flushes

•lilmaied to be less ttin mat 6Xf»WwJ lur und and gravel
aquifers.

Tnnch Systems

Trench systems have also been used successfully to recover
DNAPL and are used when the reservoir is located near the
around surface. Trench systems are also effective when (he
DNAPL Is of limited thickness. Recovery lines are placed
horizontally on top of the impermeable stratigraphte unit.
DNAPL (lows Into the collection trenches and seep Into the
recovery lines. The lines usually drain to a collection sump
where the DNAPL Is pumped to the surface. Similar to the
pumping system, an enhanced DNAPL recovery scheme may
D* tapltmamad uoing drum linoo Is imprev* rtwvfy
efficiency. This "dual drain line system* (41) utilizes a drain line
located In the ground water vertically upward from the DNAPL
fine. Ground water is withdrawn from the upper screen which
results In an upwelfing of the DNAPL which is collected in the
fewer line, refer to Figure 21, This increases the hydrostatic
head of the DNAPL. Excessive pumping of either single or dual
drain fine systems may result in the ground water 'pinching off"
the flow of ONAPL to the drain line. An advantage of the dual
drain system is that the oil:water separation requirements at
the surface are reduced.

Vacuum Extraction

Soil vacuum extraction (SVE) Is a remediation technology
which Involves applying a vacuum to unsaturatad subsurface
strata to Induce air flow. Figure 22 illustrates thai the volatile
contaminants present in the contaminated strata will evaporate
and the vapors are recovered at the surface and treated.
Common methods of treatment Include granular activated
carbon, catalytic oxidation, and direct combustion. SVE can
effectively remove DNAPL present as residual saturation or Its
soluble phase components in the unsalurated zone, In general,
vacuum extraction Is expected to be more applicable for the
chlorinated solvents (PCE, TCE. DCE) than the polycydic
aromatic compounds (wood preserving wastes, coal tars, etc.).
When DNAPL Is present in perched pools (Figure 12) R Is more
effective to remove the continuous phase DNAPL prior to the
Implementation of SVE. The same strategy Is applicable in the
saturated zone where DNAPL removal by SVE is attempted
concomitantly wHh lowering the water table. Upon towering the
water table, SVE can bo used to remove the remnant volatile
wastes not previously recovered. Often, the precise location of
the DNAPL is unknown; therefore, SVE can be used to
remediate the general areas where the presence of DNAPL is
suspected. Removal of DNAPL by SVE is not expected to be
as rapid as direct removal of the pure phase compound. One
advantage of SVE however, is that th« precise location of the
DNAPL Wrf iwrt ho known.

Important parameters influencing the efficacy ol SVE concern
both the DNAPL and porous media. Porous media specific
parameters include: soil pflffflflSUIlliy. puilAliy. uiyanH, LUJUVM,
moisture, structure, and panicle size distribution. DNAPL
specific parameters include: vapor pressure, Henry's constant,
solubility, adsorption equilibrium, density, and viscosity (20).
These parameters and their relationships must be evaluated
on a site specific basis wher. considering the feasibility of
vacuum extraction and a practical approach to the design,
/vwi«tnirtinrt. and ooeration of ventino systems (22).
A*WI«n?llyi UM;I U1"" *nntt>¥* wh'ch dalmoalo vWf
tunccnttafon oo a function »f depth ii ^Hiral in locating Ihe
contaminant source and designing an SVE system. •

Historically. SVE has been used to remove volatile compounds
from the soil. Recently it has been observed that SVE
enhances the biodegradation of volatile and somivolatile
organic compounds in the subsurface. While SVE removes
volatile components from the subsurface, it also aids in
supplying oxygen to biological degradation processes in the
unsaturated zone. Prior to soil venting, h was believed that
biodegradation in the unsaturated zone was limited due to
inadequate concentrations of oxygen (17). In a field study
where soil venting was used to recover jet fuel, it was observed
that approximately 15% of the contaminant removal was from
the result of microbial degradation. Enhanced aerobic
biodegVao'a'Jdn during 5Vfc iituruanjA the cost •ffuctivunuoc. of
the technology due to the reduction in the required above
ground treatment.

Vacuum extraction is ono form of pump and treat which occurs
in the saturated zone where the fluid is a gas mixture.
Therefore, many of :h« same limitations to ground water pump
and treat are also applicable to vacuum extraction. While the
application of vacuum extraction is conceptually simple, hs
success depends on understanding complex subsurface



Figure 22. Vacuum extraction of DNAPL volatile components
In the uniaturat«d zon«. At ahown here, vipor* are
treated by thermal combustion or carbon »d»orp-
lion »nd the air U dltcharged to the itmoiphere.

chemical, physical, and biological processes which provide
Insight into factors limiting its performance (9).

Blodegradatton

The potential for biodegradatian of immiscible hydrocarbon is
highly limited for several reasons. First, pure phase
hydrocarbon liquid is a highly hostile environment to the
lurvival of most microorganisms. Secondly, the basic
requirements for microbiological proliferation (nutrients,
electron acceptor, pH, moisture, osmotic potential, etc.) is
difficult K not impossible to deliver or maintain in the DNAPL. A
major limitation to aerobic bioremediatioo of high
concentrations of hydrocarbon is the inability to deliver
sufficient oxygen. A feasible remediation approach at sites
where Immiscible hydrocarbon is present is a phased
technology approach. Initial efforts should focus on pure phase
hydrocarbon recovery to minimize further migration and to
decrease the volume of NAPL requiring remediation.
Following NAPL recovery, other technologies could be phased
into the remediation effort. Bicremediation may be one such
technology that could be utilized to further reduce the mass of
contaminants at the site. NAPL recovery preceding
bioremedialton will Improve bioremediation feasibility by
reducing the toxfcity, time, resources, and labor.

Similar to other remediation technologies, a comprehensive
feasibility study evaluating the potential effectiveness of
bioremediation is critical and must be evaluated on a site
•pacific basis. A comprehensive review of biodegradation of
surface soils, ground water, and subsoils of wood preserving
wastes, i.e. PAH's (29.37.51,62.63) are available. A
comprehensive review of microbia1 decomposition of
chlorinated aromatic compounds is also available (58).

Soil Flushing

Soil flushing utilizing surfactants is a technology that was
developed years ago as a method to enhance oil recovery In
the petroleum Industry. This technology U new to th»
hazardous waste arena and available Information has mainly
been generated from laboratory studies. Surfactant sell
flushing can proceed on two distinctly different mechanistic
levels: enhanced dissolution of adsorbed and dissolved phase
contaminants, and displacement of free-phase nonaqueous
contaminants. These two mechanisms may occur

soil flushlna (42).

Surfactants, alkalis, and p-stym*** a'« r-hamlcala used to
modify (h« pnre-levft! physical forces resoonarble for
liflilWDiiiiing UIWL in unuf, uun«.i»iiii uri nlM*
tho ourfiii liniitn 'mr't?- "•* nM4D| -^ u/«tor whWi
increases the mobility. Polymers are added to increase the
viscosity of the flushing fluid to minimize the lingering effects
and to maintain hydraulic control and improve flushing
efficiency. Based on successful laboratory optimization studies
where an alkali-polymer-surfactant mixture was used, field
studies were conducted on DNAPL (creosote) which resulted
in recovery of 94% of the original DNAPL (42). Laboratory
research has also been conducted which Indicated that
aqueous surfactants resulted in orders of magnitude greater
removal efficiency of adsorbed and dissolved phase
contaminants than water flushing (55).

Depth to contamination, DNAPL distribution, permeability,
heterogeneities, soil/water incompatibility, permeability
reduction, and chemical retention are important (actors when
considering soil flushing (42). Prior to this technology being
cost effective in the (L;o, surfactant recycling will be necessary
to optimize surfactant use (55). Soil flushing is complex from a
physical and chemical point of view; is relatively untested in the
field; and will likely be challenged regularity. Considerable
research currently being conducted in this area may result in
the increased use of this technology to improve DNAPL
recovery in the future.

Thermal methods of soil flushing involve injecting hot water or
steam in an effort to mobilize the NAPL. The elevated
temperature increases volatilization and solubilization and
decreases viscosity and density. A cold-water cap is used to
prevent volatilization. Th« mobile phases of the DNAPL are
then recovered using a secondary approach, i.e. pumping.
vacuum extraction etc. This approach (Contained Recovery of
Oily WastftS) to enhar.ee recovery ol DNAPL is currently under
EPA's Superfund Innovative Technology Evaluation Program
and a pilot-scale demonstration is forthcoming (21). A
limitation in the use of thermal methods is that the DNAPL may
be converted to LNAPL due tc density changes (36). The
adverse effects from this are that the DNAPL, existing as a thin
layer, becomes buoyant and mobilizes vertically resulting in a
wider dispersal ol the contaminant. Other limitations involve
the high energy costs associated with the elevated water
lemporaure and thn heat toss in the formation (36).

Physics! Barriers

Physical boners n-.ay be used lo prevent the migration of
DNAPL's in the subsurface and are typically used in
conjunction with other recovery means. One feature of physical
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barriers Is the hydraulic control ft offers providing the
opportunity to focus remediation strategies in treatment cells.
Unfortunately, physical barriers, while satisfactory in terms of
around watar control and containment of dlssolved-phase
plume*, may contain small gap* cr discontinuities which could
permit escape of DNAPL (7). Chemical compatibility between
physical barriers and construction material must agree to
tour* the physical Integrity of the barrier. The history of the
performance of these containment technologies is poorly
documented and Is mainly offered here for completeness of
review. A more complete review of these physical barriers is
available (5,56).

Sheet piling Involves driving lengths of steel that connect
together Into the ground to form an impermeable barrier to
lateral migration of DNAPL Ideally, the bottom of the sheet pile
ahould be partially driven into an Impermeable layer to
complete the seal Slurry walls involve construction of a trench
which Is backfilled with an Impermeable slurry (bentonhe)
mixture. Grouting b a process where an impermeable mixture
Is either injected into the ground or is pumped into a series of
Interconnected boreholes which together form an impermeable
boundary. Again, the main feature of these techniques is to
physically isolate the DNAPL

In summary, she characterization and remediation options for
«ites containing DNAPL are limited. Field data from site
characterization and remediation eftorts are also limited. This
is largely due to the complexity ot DNAPL transport and fate in
the subsurface, poorly developed techniques currently
available to observe arid predict DNAPL in the subsurface, and
hi llm luU lliut Ihio !••«• h»i ntl V~" •••w/.iy ,~**r,;-,t>* until
recently. Clearly, there Is a growing realif &icr\ WittM IflU
scientific and regulatory community that DNAPL is a significant
factor in limiting site remediation. Correspondingly, current
research efforts within the private, industrial, and public sectors
are focusing on both the fundamentals and applications
aspects of DNAPL behavior in subsurface systems.
Additionally, the number of field investig aliens reflecting an
increased awareness of LWAPLS, fc yiuwlny.

DNAPL Modeling

A modeling overview report identified nineteen, (numeric and
analytic) multiphase flow models which are currently available
(SO). Most of these models were developed for salt water
intrusion, LNAPL transport, and heat flow. Four models are
qualitatively described as immiscible flow models but do not
specifically indicate DNAPL A more recent model has been
developed which simulates density driven, three phase flow,
that is capable of modeling DNAPL transport (23). Presently,
very little information is available on DNAPL modeling in the
scientific literature.

Multiphase flow modeling involves modeling systems where
more than one continuous fluid phase (NAPL. water, gaseous)
to present. Modeling any subsurface system requires a
conceptual understanding of the chemical, physical, and
biological processes occurring at the site. Modeling of
simultaneous flow of more than one fluid phase requires a
conceptual understanding of the fljids and the relationship
between the fluid phases. The significance of multiphase flow
over tingle phase flow is the increased complexity of fluid flow
and the additional data requirements necessary for modeling.

As presented earlier, numerous variables strongly influence
DNAPL transport and fate, and consequently, the
mathematical relationship of these variables Is complex.
Therefore, it follows that DNAPL modeling presents paramount
technical challenges.

Presently, it is exceedingly difficult to obtain accurate field data
which quantitatively describes DNAPL transport and fate
variables within reasonable economic constraints. DNAPL
transport is highly sensitive to subsurface heterogeneities
(8.27.28) which compounds the complexity of modeling.
Heterogeneities are, by nature, difficult to identify and quantify
and models are not well equipped to accommodate the
influence of heterogeneities. Additionally, relative permeability
and capillary pressure functions must be quantified to identify
the relationship between fluids and between the fluids and the
porous media. Unfortunately, these parameters are very
difficult to measure, particularly in three phase systems. Prior
to an Investment of time and money to model a given she, a
careful evaluation of the specific objectives and the confidence
of the input and anticipated output data should be performed.
This will helo illuminate the costs, benefits, and therefore, the
relative value of modeling in the Superfund decision making
process.

In summary, DNAPL modeling at Superfund sites Is presently
of limited use. This is mainly due to: the fact that very little
information is available in the scientific literature to evaluate
previous work; accurate and quantitative input data is expected
to be costly; the sensitivity of DNAPL transport to subsurface
heterogeneities; and, the difficulty in defining the
hafArnneneiCes in the field and reflecting those In a model.
MUWiVli, InuTiMiuJL' fluu mudolo »ri -/iWMit " ""»"'»y
tools.
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